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GXE Interaction and Colorectal Cancer Risk

Background: Colorectal cancer (CRC) is a common, fatal cancer.
Identifying subgroups who may benefit more from intervention is
of critical public health importance. Previous studies have assessed
multiplicative interaction between genetic risk scores and environ-
mental factors, but few have assessed additive interaction, the rele-
vant public health measure.

Methods: Using resources from CRC consortia, including 45,247
CRC cases and 52,671 controls, we assessed multiplicative and addi-
tive interaction (relative excess risk due to interaction, RERI) using
logistic regression between 13 harmonized environmental factors and
genetic risk score, including 141 variants associated with CRC risk.
Results: There was no evidence of multiplicative interaction
between environmental factors and genetic risk score. There was
additive interaction where, for individuals with high genetic suscep-
tibility, either heavy drinking (RERI = 0.24, 95% confidence interval
[CI] =0.13, 0.36), ever smoking (0.11 [0.05, 0.16]), high body mass
index (female 0.09 [0.05, 0.13], male 0.10 [0.05, 0.14]), or high red
meat intake (highest versus lowest quartile 0.18 [0.09, 0.27]) was
associated with excess CRC risk greater than that for individuals with
average genetic susceptibility. Conversely, we estimate those with
high genetic susceptibility may benefit more from reducing CRC risk
with aspirin/nonsteroidal anti-inflammatory drugs use (—0.16 [—0.20,
—0.11]) or higher intake of fruit, fiber, or calcium (highest quartile
versus lowest quartile —0.12 [—0.18, —0.050]; —0.16 [-0.23, —0.09];
—0.11 [-0.18, —0.05], respectively) than those with average genetic
susceptibility.

Conclusions: Additive interaction is important to assess for identi-
fying subgroups who may benefit from intervention. The subgroups
identified in this study may help inform precision CRC prevention.

Keywords: GxE; multiplicative interaction; additive interaction; col-
orectal cancer; genetic epidemiology

(Epidemiology 2025;36: 126-138)

C olorectal cancer (CRC) is a critical public health issue, as
the third most commonly diagnosed cancer and the sec-
ond leading cause of cancer death globally.! Ample evidence
suggests that both genetics and environmental risk factors con-
tribute to CRC development; heritability of CRC is estimated
to be 15-35%.23 Genome-wide association studies (GWAS)
of CRC have identified important genetic risk associations,
whereas recent GWAS studies of more than 100,000 partic-
ipants have identified over 100 independent risk associations
related to normal colorectal homeostasis, Hedgehog signal-
ing, proliferation, cell adhesion, migration, immune function,
long noncoding RNAs and somatic drivers, and microbial
interactions.** There is great interest in identifying the inter-
action between modifiable exposures and genetic risk for pre-
cision prevention of CRC, pointing to environmental factors
that could be targeted to mitigate elevated genetic risk.6
Gene—environment interaction (GXE) refers to when the
effect of one exposure (environmental, E) on an outcome varies
across different strata of the second exposure (genetic, G). For
a disease trait, these interactions can be commonly described
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in two ways: additive and multiplicative. Additive interaction is
focused on the sum of the individual effects of G and E, while
multiplicative interaction is focused on the product of the indi-
vidual effects. Given a logistic regression model, which is widely
used to model GxE for the binary outcome from case—control
studies, the departure from the multiplicative effect can be mea-
sured by the regression coefficient of the G and E product term
(BexE). The departure from the additive effect can be described
with the relative excess risk due to interaction (RERI). This
cannot be validly estimated directly from linear models with
case—control data,” but it can be derived from estimates from the
logistic regression model when the case—control odds ratio (OR)
approximates the risk ratio. It has been asserted that interaction
for the identification of relevant subgroups with excess risk and
public health impact is best assessed through additive interac-
tion, which is often overlooked in epidemiologic studies focused
on etiology.® Multiplicative interaction is straightforward and
convenient to assess through an interaction term in a logistic
regression model that is easily derived in statistical software. It is
important to note that when assessing interaction, if both expo-
sures of interest have an effect on the outcome, then mathemat-
ically interaction must be present on at least one scale or both,
where the absence of additive interaction implies multiplicative
interaction, and vice versa.8-1° Given that different information
can be gained from different scales, it is recommended to present
both additive and multiplicative interaction in practice.s10:1!

Many previous studies of GXE in CRC have assessed
multiplicative interaction with genetic risk score,'>"! but to our
knowledge, only one study has included additive interaction
using the RERI.? This study assessed interaction between a
genetic risk score of 95 genetic variants and a healthy lifestyle
score combining all environmental factors. However, it may
have limited public health utility in identifying which compo-
nent of a healthy lifestyle score particularly warrants interven-
tion among those with high genetic risk. Therefore, we set out to
assess GxE interaction among 97,918 participants of European
descent utilizing a genetic risk score including 141 known CRC-
associated genetic variants and 13 environmental risk/protective
factors. Our objective was two-fold: to assess GXE interactions
to identify subgroups among whom intervention on one or more
environmental factors may have a large impact on reducing CRC
risk, and to provide an example of GXE assessment on both the
additive and multiplicative scales in agreement with current rec-
ommendations® to encourage the evaluation of additive interac-
tion to guide precision prevention.

METHODS

Study Population

We included participants in the Colon Cancer Family
Registry, the Colorectal Transdisciplinary Study, and the
Genetics and Epidemiology of CRC Consortium (GECCO).
Study details have been previously published*?'2? and can be
found in eTable 1; http://links.lww.com/EDE/C195. Cases were
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identified as incident invasive CRC or advanced adenoma cases
and confirmed by medical records, pathology reports, or death
certificate information. For cohort studies, we assembled nested
case—control sets via risk-set sampling. For population-based
case—control studies, we used population-based controls with
study-specific eligibility. Controls were matched with cases on
age, sex, race, and enrollment date or trial group, when appli-
cable. For the subset of advanced adenoma cases (N = 4774,
eTable 1; http:/links.lww.com/EDE/C195), matched controls
had polyp-free from endoscopy at the time of adenoma selec-
tion. All participants gave written informed consent, and studies
were approved by their respective institutional review boards.

We limited analyses to self-reported European/non-
Hispanic White participants who, as part of the quality con-
trol step for genetic association analyses, were also required to
cluster with the European reference population from the 1000
Genomes Project based on genetic principal components.
The final pooled sample size was 45,247 cases and 52,671
controls.

Environmental Factor Selection

Demographic, lifestyle, body composition, and envi-
ronmental exposures, throughout the article, referred to as
environmental factors, were self-reported either at in-person
or telephone interviews or via structured questionnaires. For
cohort studies, the variables were assessed at blood collection
or participant recruitment; for case—control studies, variables
were assessed at least 1-2 years and up to 10 years or more pre-
ceding participant recruitment. Data harmonization consisted
of a multi-step procedure performed at the GECCO coordi-
nating center (Fred Hutchinson Cancer Center).2? Briefly, we
defined common data elements a priori. We examined study
questionnaires and data dictionaries, and through an iterative
process of communication with data contributors, we mapped
these elements to common data elements. Definitions, permis-
sible values, and standardized coding were implemented into a
single database via SAS and T-SQL. We checked the resulting
data for errors and outlying values within and between studies.

We selected environmental factors based on previously
being established for their association with CRC risk and on
the availability of pooled data in our consortium study.?>25
Environmental factors included are: anthropometric mea-
surements including body mass index (BMI) per 5kg/m? and
height in 10cm, ever smoked (yes/no), study-specific defini-
tions of regular use of aspirin and nonaspirin nonsteroidal anti-
inflammatory drugs (NSAIDs, yes/no), history of type II
diabetes (yes/no), and dietary intake. Dietary variables were
measured using food frequency questionnaires or diet histories,
including alcohol, fruits, vegetables, dietary fiber, red meat,
processed meat, dietary and supplemental calcium, dietary
and supplemental folate, and total energy intake. We created
sex- and study-specific quartiles for all dietary variables except
alcohol. We categorized alcohol by grams of alcohol intake per
day: nondrinker, 1-28 (moderate drinker), and >28 g/day (heavy
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drinker). For dichotomous or categorical variables, the lowest
category of exposure (or no use) was used as the reference,
except for alcohol, where the moderate drinker group was set as
the reference, given the observed J-shape association.2+26

Polygenic Risk Score Construction

Details on genotyping and quality control have been pre-
viously published,* and genotyping platforms used are summa-
rized in eTable 1; http:/links.lww.com/EDE/C195. Briefly, we
excluded genotyped single nucleotide polymorphisms (SNPs)
based on call rate (<95-98%), lack of Hardy Weinberg equilib-
rium (P < 1x107#), inconsistencies between self-reported and
genotypic sex, and discordant genotype calls within duplicate
samples. We imputed all autosomal SNPs of all studies to the
Haplotype Reference Consortium r1.127 reference panel via the
Michigan Imputation Server? and converted them into a binary
format for data management and analysis using the R package
BinaryDosage.?° To capture common genetic predisposition, we
calculated a genetic risk score combining the estimated effects
of 141 previously GWAS-identified SNPs associated with CRC
risk.*30-32 These SNPs had independent contributions to CRC
risk confirmed by linkage disequilibrium and/or conditional
association analyses, which accounted for the lead SNP within
each region.*3032 The detailed characteristics of these SNPs
are provided in eTable 2; http://links.lww.com/EDE/C195. We
coded each SNP variable as the expected number of copies of
the variant allele. The weights were determined by the marginal
log- ORs estimated from prior studies to avoid potential bias.
For the known loci identified through GECCO, Colon Cancer
Family Registry, or Colorectal Transdisciplinary Study studies,
the estimates were adjusted for the winner’s curse.3* The win-
ner’s curse phenomenon occurs when the true effect sizes are
overestimated due to selection bias from using the same data to
identify variants that reach a certain significance threshold.?34
We constructed a genetic risk score for each individual by
taking the weighted sum of variant alleles over all 141 SNPs,
accounting for the strength of CRC association with each SNP.
We standardized the genetic risk score as (risk score-mean risk
score)/standard deviation (SD), where mean and SD were the
mean and SD of the genetic risk score calculated based on all
participants.

Additive and Multiplicative Interaction

Consider a binary genotype G and a binary environmen-
tal exposure E. Let Y indicate disease status, we can fit a logis-
tic regression with interaction term:

logit{P(Y = 1|G, E} =py + 6:G + BE + (5GE, (1)

where [y is the intercept, 81 and B, are the main effects of
G and E, respectively, and f33 is the multiplicative interaction
effect. To measure the interaction on an additive scale, we con-
structed a 2x2 table (Table 1) to facilitate understanding of
RERI estimation. The cells in the table represent the OR of
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TABLE 1. 2x2 table of two exposures (genetic and
environmental) and corresponding odds ratios

Exposure 1 (G)

0 (mean) 1 (mean + 1 SD)
Exposure 2 (E) 0 1.0 (Ref) OR,= B
1 OR, =™ OR, = efrthths
lOgit{P(Y = 1‘ G,E)} =py +51G + BE + BGE (1)
Additive Interaction, RERI = (OR;; — ORgy) — (ORyg — 1) = (ef+5Fh — eft) — (e — 1) (2)

Multiplicative interaction = OR, /(OR,,*OR,;) = ¢
For continuous genetic exposure, G = 0 is the mean, compared to G = 1 is mean + 1
standard deviation. 0,1 notation is used for simplicity.

disease for the reference group when both G and E are absent
(OR,, = 1), when factor G is present but E is absent (OR,),
when factor G is absent but E is present (OR ), and when both
factors G and E are present (OR,,), respectively. For simplic-
ity we have defined G with binary classifications; in practice,
however, in our manuscript G = 0 would represent the mean
genetic risk score, and G = 1 represents the mean genetic risk
score + one SD. The RERI is then defined as:

RERI = (OR;; — ORg;) — (ORjp— 1) = (eﬁl+ﬁz+ﬁ_x _ eﬁx) _ (eﬂz -1) (2)

The first part of the equation, (e — &P estimates
the difference in the OR of developing disease when exposed
to environmental exposure compared to when not exposed
among individuals who carry variant genotypes. The second
part of the equation, (¢” — 1), estimates the difference in OR
when exposed to the environmental factor compared to when
not exposed among those who do not carry variant genotypes.
Finally, the difference between the two parts estimates excessive
OR differences between being exposed and not for those who
carry the high-risk genotypes and for those who do not. In other
words, RERI quantifies the excess of OR due to jointly being
exposed and carrying the high-risk genotype compared to the
reference group beyond the summation of the separate excess
of ORs of being exposed and carrying the high-risk genotype
in the absence of the other risk factor compared to the refer-
ence group. Given that the OR approximates the relative risk,
the RERI derived from ORs will approximately equal the RERI
derived from risk data.® We used the delta method for estimat-
ing the variance and 95% confidence intervals (CI) of RERI.3S
The reference level of continuous exposures is of crit-
ical importance for the additive interaction RERI, because it
is calculated post hoc from a multiplicative logistic regression
model. Changing the reference level by adding or subtracting a
constant does not change the estimate for multiplicative inter-
action but does so for additive interaction. This is because addi-
tive interaction also involves estimates of main effects, which
change if the reference level changes. For continuous variables
(e.g., genetic risk score), we used the mean as the reference level
so that RERI would reflect the comparison with the mean and
the mean generally is more robust than using other values as
the reference level (e.g., a minimum value).3¢ For dichotomous
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or categorical variables, no use or lowest quartile was used as
the reference regardless of whether the exposure was a risk or
protective factor. The exception was alcohol where we set the
moderate drinker group as the reference due to the observed
J-shape association.2+20 More details are provided in the eAp-
pendix; http://links.lww.com/EDE/C184.

Statistical Analysis

We presented mean (SD) and counts (percentages) for the
genetic risk score and environmental factors for CRC cases and
controls separately. We used logistic regression models to calcu-
late OR and 95% ClI to assess the associations of the 13 environ-
mental factors and genetic risk scores with CRC risk, whereas
for genetic risk score we calculated the OR per 1 SD increase
as commonly used for genetic risk score in the literature. In our
models, quartile variables (Q2, Q3, and Q4) were compared to
Q1 as the reference group, treating each quartile exposure vari-
able as a categorical predictor. We also used the ordinal quartile
variable (1, 2, 3, and 4) to calculate a linear trend test. Our pri-
mary complete data analysis models were adjusted for age at
reference time, sex, study, the first three principal components
of genetic ancestry, and total energy for dietary variables only.
In further models, we adjusted for all other 12 environmental
factors of interest, where we used study- and sex-specific mean
imputation for missing values (missing rates <5%) in adjusted
covariates to maximize our sample size. In our previous work,
we have found consistent results utilizing mean versus multi-
ple imputation; therefore, we used mean imputation here for
simplicity.?” We also assessed the correlation between genetic
risk score and environmental factors by using a linear regres-
sion model among controls for the association of environmen-
tal factors with genetic risk score, adjusted for age at reference
time, sex, study, the first three principal components of genetic
ancestry, and total energy for dietary variables only. For BMI
and height, we stratified the analyses by sex, given that BMI
and height vary by sex. We additionally conducted a sensitivity
analysis restricted to colon-only cancers (26,102 colon cancer
cases and 48,116 controls). Forest plots of additive (RERI) and
multiplicative interaction estimates and 95% CI were plotted. To
account for multiple testing of 11 exposure variables and two
sex-stratified exposure variables, the Holm-Bonferroni method
for P-value correction was used with 0.05 as the overall sig-
nificance threshold for additive and multiplicative interaction
separately (presented in eTable 4; http:/links.Iww.com/EDE/
C184). All analyses were performed using R, version 4.1.3 (R
Foundation for Statistical Computing, Vienna, Austria) software.

RESULTS
Our study included a total of 97,918 participants with
45,247 cases and 52,671 controls (eTable 1; http://links.lww.
com/EDE/C195). Heavy or no alcohol, smoking, diabetes,
high BMI for both sexes, taller height among females, and high
processed meat and red meat consumption were associated
with higher risk of CRC (Table 2). Use of aspirin/NSAIDs,
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TABLE 2. Comparison by Colorectal Cancer Case—control Status and Association (Odds Ratio, 95% Confidence Interval) of
Genetic Risk Score, Environmental Factors, and Risk of Colorectal Cancer

Overall Cases Controls OR (95% CI)?
Genetic risk score, mean (std) 9.3 (0.51) 9.4 (0.50) 9.2 (0.50) 1.5 (1.5, 1.6) per 1 SD
Risk factors
Alcohol nondrinker (<1 g/day), N (%) 29,293 (40) 13,754 (43) 15,539 (37) 1.2(1.1,1.2)
Alcohol 1-28 g/day, N (%) 35,635 (48) 13,979 (44) 21,656 (51) 1
Alcohol >28 g/day, N (%) 9162 (12) 4141 (13) 5021 (12) 1.4(1.3,1.5)
Ever smoked, no, N (%) 36,947 (47) 14,975 (44) 21,972 (50) 1
Ever smoked, yes, N (%) 41,144 (53) 18,781 (56) 22,363 (50) 1.2(1.2,1.3)
History of type II diabetes, no, N (%) 67,524 (91) 27,957 (89) 39,567 (92) 1
History of type II diabetes, yes, N (%) 6854 (9) 3572 (11) 3282 (8) 1.3(1.3,1.4)
BMI, female, mean (std)® 27kg/m? (5.2) 27kg/m? (5.4) 27kg/m? (5.1) 1.1 (1.1, 1.1) per 5kg/m?
BMI, male, mean (std)" 27kg/m? (4.2) 28kg/m? (4.3) 27kg/m? (4.1) 1.2 (1.2, 1.2) per 5kg/m?
Height, female, mean (std)® 1.6 m (0.1) 1.6 m (0.1) 1.6 m (0.1) 1.1 (1.0, 1.1) per 10 cm
Height, male, mean (std)® 1.8 m (0.1) 1.8 m (0.1) 1.8 m (0.1) 1.0 (1.0, 1.0) per 10 cm
Red meat, Quartile 1 (lowest), N (%)¢ 18,665 (24) 7482 (23) 11,183 (26) 1
Red meat, Quartile 2, N (%) 22,204 (29) 9243 (28) 12,961 (30) 1.1(1.1,1.2)
Red meat, Quartile 3, N (%) 19,869 (26) 8517 (26) 11,352 (26) 1.2 (1.2, 1.3)
Red meat, Quartile 4 (highest), N (%) 15,580 (20) 7645 (23) 7935 (18) 1.3 (1.3, 1.4)
P, . 6.65E-35
Processed meat, Quartile 1 (lowest), N (%)¢ 12,761 (18) 5084 (17) 7677 (19) 1
Processed meat, Quartile 2, N (%) 24,160 (35) 9947 (33) 14,213 (35) 1.1(1.0,1.1)
Processed meat, Quartile 3, N (%) 22,993 (33) 9941 (33) 13,052 (32) 1.2(1.2,1.3)
Processed meat, Quartile 4 (highest), N (%) 9998 (14) 4762 (16) 5236 (13) 1.2 (1.1, 1.30)
P, 5.73E-19
Protective factors
Regular aspirin/NSAIDs use at reference time, No, N (%) 45,396 (62) 20,372 (66) 25,024 (60) 1
Regular aspirin/NSAIDs use, Yes, N (%) 27,290 (38) 10,450 (34) 16,840 (40) 0.76 (0.73, 0.79)
Vegetable, Quartile 1 (lowest), N (%)¢ 17,528 (23) 7393 (23) 10,135 (23) 1
Vegetable, Quartile 2, N (%) 23,722 (31) 11,121 (34) 12,601 (29) 0.93 (0.89, 0.97)
Vegetable, Quartile 3, N (%) 18,952 (25) 7944 (24) 11,008 (25) 0.84 (0.81, 0.88)
Vegetable, Quartile 4, N (%) 15,943 (21) 6401 (19) 9542 (22) 0.83 (0.79, 0.87)
P, 221E-18
Fruit, Quartile 1 (lowest), N (%)¢ 19,272 (25) 8762 (27) 10,510 (24) 1
Fruit, Quartile 2, N (%) 23,449 (31) 10,626 (32) 12,823 (30) 0.85(0.82, 0.89)
Fruit, Quartile 3, N (%) 17,733 (23) 7322 (22) 10,411 (24) 0.77 (0.73, 0.80)
Fruit, Quartile 4 (highest), N (%) 15,548 (20) 6071 (19) 9477 (22) 0.74 (0.70, 0.77)
P, 1.30E-43
Fiber (g/day), Quartile 1 (lowest), N (%)¢ 12,231 (25) 6160 (26) 6071 (23) 1
Fiber, Quartile 2, N (%) 12,607 (25) 6001 (26) 6606 (25) 0.84 (0.80, 0.89)
Fiber, Quartile 3, N (%) 12,404 (25) 5637 (24) 6767 (26) 0.73 (0.69, 0.77)
Fiber, Quartile 4 (highest), N (%) 12,493 (25) 5583 (24) 6910 (26) 0.65 (0.61, 0.69)
P, 2.62E-47
Total folate (mcg/day), Quartile 1 (lowest), N (%)¢ 14,132 (24) 6961 (25) 7171 (23) 1
Total folate, Quartile 2, N (%) 15,797 (27) 7556 (27) 8241 (27) 0.86 (0.82, 0.90)
Total folate, Quartile 3, N (%) 13,566 (23) 6443 (23) 7123 (23) 0.83(0.79, 0.87)
Total folate, Quartile 4 (highest), N (%) 14,969 (26) 6695 (24) 8274 (27) 0.75(0.71, 0.79)
P, 1.44E-24
Dietary folate (mcg/day), Quartile 1 (lowest), N (%)° 12,488 (24) 5946 (25) 6542 (24) 1
Dietary folate, Quartile 2, N (%) 12,894 (25) 5879 (25) 7015 (25) 0.88 (0.83, 0.92)
Dietary folate, Quartile 3, N (%) 13,157 (25) 6010 (25) 7147 (26) 0.84 (0.80, 0.89)
Dietary folate, Quartile 4 (highest), N (%) 13,110 (25) 5995 (25) 7115 (26) 0.79 (0.74, 0.84)
P, 8.27E-13
Total calcium (mg/day), Quartile 1 (lowest), N (% 14,466 (19) 7398 (22) 7068 (16) 1
Total calcium, Quartile 2, N (%) 29,355 (38) 11,534 (34) 17,821 (41) 0.87(0.83,0.91)

(Continued)
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TABLE 2. Continued

Overall Cases Controls OR (95% CI)?
Total calcium, Quartile 3, N (%) 18,873 (24) 8216 (24) 10,657 (24) 0.77 (0.73, 0.81)
Total calcium, Quartile 4, N (%) 14,861 (19) 6583 (20) 8278 (19) 0.67 (0.64, 0.71)
P,.. 1.11E-55
Dietary calcium (mg/day), Quartile 1 (lowest), N (%)< 13,860 (24) 6993 (25) 6867 (23) 1
Dietary calcium, Quartile 2, N (%) 14,616 (26) 7198 (26) 7418 (25) 0.91 (0.87, 0.96)
Dietary calcium, Quartile 3, N (%) 14,200 (25) 6573 (24) 7627 (26) 0.77 (0.73, 0.81)
Dietary calcium, Quartile 4, N (%) 14,514 (25) 6691 (24) 7823 (26) 0.72 (0.68, 0.76)

P

trend

3.28E-35

aLogistic regression adjusted for age, sex, study, the first three principal components of ancestry, and total energy for dietary variables only.
"BMI data was complete for 36,415 cases and 48,439 controls. Height data was complete for 39,798 cases and 50,340 controls.

cQuartiles are study and sex-specific.

higher intakes of dietary and total calcium, fiber, dietary/total
folate, vegetable, and fruit were associated with lower risk of
CRC. Genetic risk score was associated with a 1.5-fold higher
risk of CRC per SD increase in genetic risk score (95% CI =
1.5, 1.6). There was no evidence of the correlation between
genetic risk score and any of the environmental risk factors
(eTable 3; http://links.lww.com/EDE/C184).

Interaction of Environmental Risk Factors and
Genetic Risk Score with CRC Risk

Across all environmental risk factors assessed, there were
no large magnitude multiplicative interactions with genetic risk
on CRC risk (all OR estimates >0.95 and <1.05, Figure A, right
panel). In contrast, we observed large-magnitude additive inter-
action effects for several environmental factors: heavy alcohol
consumption, ever-smoking status, BMI, and red meat (Figure
A, left panel, eTable 4; http:/links.lww.com/EDE/C184).
Specifically, the RERI (95% CI) for heavy alcohol consump-
tion was 0.24 (0.13, 0.36); ever smoking, 0.11 (0.05, 0.16); for
BMI among females 0.09 (0.05, 0.13) per Skg/m? increase,
among males 0.10 (0.05, 0.14) per Skg/m? increase; and red
meat intake, RERI Q4 (highest) versus Q1 (lowest) 0.18 (0.09,
0.27). The joint effect of each of these risk factors and the high
genetic risk score on CRC risk was higher than the expected
sum of individual effects. We additionally observed additive
interaction effects for alcohol nondrinkers and processed meat
intake, where processed meat intake RERI had a relatively
large estimate (RERI [95% CI] processed meat Q4 [highest]
vs Q1 [lowest] = 0.15 [0.04, 0.26], Figure A, left panel, eTable
4; http://links.Iww.com/EDE/C184). We conducted a sensitivity
analysis using further adjusted models and the results did not
materially change (eTable 5; http:/links.lww.com/EDE/C184).
In the sensitivity analyses restricted to colon cancer only, results
were similar and, in some cases, stronger than for CRC cases
overall (eTable 6; http:/links.lww.com/EDE/C184).

Interaction of Environmental Protective Factors
and Genetic Risk Score With CRC Risk

Across all environmental protective factors assessed,
there were no large magnitude multiplicative interactions

© 2024 Wolters Kluwer Health, Inc. All rights reserved.

with genetic risk score on CRC risk (all OR estimates >0.95
and <1.05, Figure B, right panel). We observed large magni-
tude additive interaction for several protective factors: aspirin/
NSAIDs, fruit, fiber, and total calcium (Figure B, left panel,
eTable 4; http://links.lww.com/EDE/C184). The RERI (95%
CI) for these protective factors were use of aspirin or NSAIDs
—0.16 (0.2, —0.11); fruit Q4 (highest) versus Q1 (lowest)
—0.12 (—=0.18, —0.05); fiber Q4 (highest) versus Q1 (lowest)
—0.16 (—0.23, —0.09); and total calcium Q4 (highest) versus
Q1 (lowest) —0.11 (—0.18, —0.05), respectively. The beneficial
effects of these environmental factors may be more protective
against CRC risk among those with high genetic risk score
compared to those with low-risk score on the additive scale. We
additionally observed additive interaction for vegetable, total
folate, dietary folate, and dietary calcium intake, as well as Q3
versus Q1 for total fiber and total calcium, where all RERI esti-
mates ranged from —0.09 to —0.11 (Figure B, left panel, eTable
4; http://links.Iww.com/EDE/C184). We conducted a sensitivity
analysis using further adjusted models and the results did not
materially change (eTable 5; http:/links.lww.com/EDE/C184).
In the colon-only sensitivity analyses, results were also similar
and, in some cases, stronger than for CRC cases overall (eTable
6; http://links.lww.com/EDE/C184).

DISCUSSION

In this large study from international CRC consortia
where we aimed to assess gene—environment interactions
for subgroup identification, we observed additive interac-
tions between several risk and protective environmental
factors and elevated genetic risk score on CRC risk. These
results are consistent with the hypothesis that, for individ-
uals with high genetic susceptibility, either heavy drinking,
ever smoking, high BMI, or high red meat intake confer
excessive CRC risk greater than that for individuals with
average genetic susceptibility. In other words, the excess
relative risk associated with the genetic risk score and the
respective environmental factor together is greater than
the sum of the excessive relative risk of the genetic risk
score and the respective environmental factor separately.
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FIGURE. Estimate for additive and multiplicative interactions between genetic risk score and (a) risk factors for colorectal cancer,
(b) protective factors for colorectal cancer. Logistic regression adjusted for age, sex, study, first three principal components of

ancestry, and total energy for dietary variables only.

Conversely, we estimate that those with high genetic sus-
ceptibility experience greater benefits of reducing CRC risk
with aspirin or NSAID use or higher intake of fruit, fiber,
or calcium than those with average genetic susceptibility.
While environmental factors show a consistent direction of
association regardless of genetic susceptibility, these results
can be useful in identifying those at high genetic risk who
may benefit more from environmental factor intervention
than the general population, as well as inform personalized
healthcare decision-making.

134 | www.epidem.com

Our findings are consistent with a previous study on
additive interaction in CRC, which found that healthy lifestyle
score and genetic risk score had an additive interaction where
those with high genetic risk score and unhealthy healthy life-
style score had a relative excess risk due to the interaction of
0.58 (95% CI =0.06, 1.10) compared to the sum of risk from
either high genetic risk score or unhealthy healthy lifestyle
score.?? Other articles examining multiplicative interaction
with CRC-related genetic risk score found, consistent with
our findings, no interaction with smoking,'>? NSAIDs,'? fine
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particulate matter,'# aspirin,'® red and processed meat intake,!”
alcohol consumption,'® physical activity,! or several environ-
mental factors including height, BMI, smoking, alcohol, veg-
etable, fruit, processed meat, fiber, and others.! It is worth
noting that for the GXE interaction studies focusing on single
SNPs, there is little or no difference between additive and mul-
tiplicative interaction due to weak SNP effect size, as com-
monly observed.’® However, when genetic risk score is used
to capture overall genetic susceptibility, the effect size of the
genetic risk score is sizable, and the difference between mul-
tiplicative interaction and RERI may be substantial, as shown
in our study, where we observed additive interactions but no
multiplicative interactions for many environmental risk fac-
tors. This observation indicates the importance of assessing
interaction on both additive and multiplicative scales, where
the additive results, proportional to excess absolute risk, may
be more useful to public health intervention.

Our study improves upon current findings by suggest-
ing which environmental factors specifically have evidence of
GxE interaction, as those factors may be better targets through
which to intervene on the population level. Many environmen-
tal factor recommendations apply to the general population,
regardless of genetic risk: less heavy alcohol consumption, no
smoking, lower adiposity, less red meat, and more fiber, fruit,
and calcium. However, having knowledge of which subgroups
may benefit more from encouraging better lifestyle factors may
help inform personalized intervention and medical decision-
making. For example, NSAIDs are inversely associated with
CRC risk; however, it also carries risk from potential side
effects. Identifying those who may benefit more from NSAIDs
while accounting for side effects may help inform an individ-
ual’s risk and benefit decision-making about the use of such
drugs.

We conducted a sensitivity analysis using further
adjusted models to verify that our additive interaction results
were unlikely to be biased by confounding of environmental
factors. Our results were broadly consistent between mini-
mally adjusted and further adjusted models, suggesting that
environmental confounding had a limited impact on our inter-
action findings. Under the assumptions of gene—environment
independence, a rare outcome, and no interaction between
unmeasured confounders and genetic risk score, the multipli-
cative interaction term will be valid even in the presence of
an unmeasured or incompletely adjusted for environmental
confounder.’ In our study, there was little evidence of depen-
dence between genetic risk score and environmental factors
(eTable 3; http://links.Iww.com/EDE/C184). However, the
main effects of E may be biased by potential environmental
confounding.’® Given that we derive additive interaction post
hoc from a multiplicative logistic regression model, it uses
both the main effects and interaction term in calculation of
RERI. Thus, additive interaction is more likely to be affected
by environmental confounding compared to multiplicative
interaction, where the multiplicative interaction term may still

© 2024 Wolters Kluwer Health, Inc. All rights reserved.

be valid. However, given similar results with further adjust-
ment of all other environmental factors, confounding does not
appear to play a substantial role.

RERI is on the OR scale and may be more generaliz-
able to other populations than absolute risk. This is because
absolute risk entails baseline absolute risk, and accurately
estimating it can be challenging due to population heteroge-
neity. On the other hand, as RERI is calculated based on the
logistic regression model, which is often adjusted for addi-
tional covariates (e.g., age and sex) to account for confound-
ing, interpreting the RERI magnitude in this context requires
caution. The excess risk or protection effect implied by RERI
may vary across covariate values, even though the RERI itself
remains constant. Nonetheless, the direction of RERI and
its implications in the public health relevance should remain
consistent.® It is arguable whether a logistic regression model
is suitable for assessing additive interaction due to potential
model misspecification.” However, logistic regression is a
well-tested approach for analyzing retrospectively collected
case—control data. While caution should be taken, as is the
case with any modeling, RERI-derived post hoc from logistic
regression may be meaningful, particularly in the identifica-
tion of high-risk subgroups for public health impact.

Our study has several strengths. We investigated gene—
environment interactions on both the multiplicative and addi-
tive scales. The inclusion of additive interaction improves
our ability to identify subgroups that may benefit the most
from public health intervention.® We also utilized a compre-
hensive genetic risk score of CRC risk based on known loci
from prior studies, including 141 GWAS-identified variants,
using a large sample size. Our study also has limitations, the
chief of which is that our study only included individuals of
European ancestry, limiting the generalizability of our find-
ings to other racial/ethnic groups. Further studies of GxE in
diverse populations are needed to equitably identify relevant
subgroups that may benefit the most from additional interven-
tion. Of note, the effect size of the genetic risk score is reflec-
tive of the combined influence of multiple genetic variants and
is expressed in terms of SDs, where the interaction effects,
whether additive or multiplicative, would be reported in terms
of SDs of the genetic risk score, providing a relative measure
of the influence of genetic profile on disease risk. Genetic
risk score distributions may vary across populations due to
differential linkage disequilibrium and allele frequencies. As
a result, the effect size of genetic risk score per SD may vary
across populations. Although our findings in the European
ancestry population likely hold qualitatively, it is important
to assess the multiplicative and additive interactions in other
racial and ethnic groups. Additionally, environmental factors
were measured at only one single time point and may not cap-
ture their effects on CRC risk adequately. However, we used
a standardized protocol to harmonize environmental factors
and our previous work based on this large pooled study that
included both retrospective and prospective studies showed
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consistent associations of environmental factors with CRC
risk,243740 supporting the robustness of the results and pooling
of these studies. Some GWAS summary statistics used to cre-
ate the genetic risk score overlap with GECCO studies,* which
may cause inflation of the genetic risk score main effect. This
is an example of the “winner’s curse” phenomenon, where
the true effect sizes are overestimated due to selection bias
from using the same data to identify variants that reach a
certain significance threshold.’33* While the effect size esti-
mates for constructing the genetic risk score were adjusted
for winner’s curse® and the main effect of genetic risk score
could still be overestimated because the same data was used,
the (multiplicative) GXE interaction may not be. Therefore,
while it is possible that the magnitude of additive interaction
is overestimated, it is unlikely that the conclusion is wrong
qualitatively. As previously mentioned, it is important to note
that when assessing interaction, if both exposures of interest
have an effect on the outcome interaction must be present
on at least one scale or both.® Given that we selected genetic
risk score and environmental factors based on their well-
established association with CRC, our results of exposures
showing interaction effects are expected. However, the overall
lack of a multiplicative interaction is intriguing. This could be
because of lower power on the multiplicative scale than on the
additive scale.! Nevertheless, we note that the estimates of
multiplicative interaction were close to the null, and the 95%
ClIs well covered the null. In contrast, the 95% ClIs for additive
interaction were generally away from the null.

In conclusion, we identified additive interaction between
multiple risk and protective environmental factors and genetic
risk scores on CRC risk in individuals of European descent.
These findings may help inform which population subgroups
may gain additional benefit from environmental factor inter-
vention utilizing genetic information in practice. Future work
is needed in risk prediction and intervention of modifiable risk
factors among genetically susceptible high-risk subgroups.
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